Background: Detection of aquaporin-4 -specific immunoglobulin G (IgG) has expanded the spectrum of neuromyelitis optica (NMO). Rare reports of familial aggregation have suggested a component of genetic susceptibility but these reports mostly antedated the discovery of the NMO-IgG biomarker and recently updated diagnostic criteria.
Neuromyelitis optica (NMO) and the NMO spectrum disorders are autoimmune inflammatory diseases of the CNS associated with severe relapses of optic neuritis (ON) and myelitis. A serum IgG autoantibody marker, NMO-IgG, 1 which targets the astrocyte water channel aquaporin-4 (AQP4), 2 and validated clinical diagnostic criteria 3, 4 allow sensitive and specific diagnosis of NMO. An NMO spectrum disorder can now be confidently diagnosed even in the face of previously unrecognized clinical phenomena (e.g., symptomatic brain lesions) that precluded a diagnosis of NMO in the past. Furthermore, NMO can now be distinguished from multiple sclerosis (MS) with an initial presentation of ON and myelitis. 5, 6 Although there are few population-based studies, the prevalence of NMO has been estimated by its relative frequency to MS, and a consensus estimate of NMO prevalence is approximately 1 per 100,000. 7, 8 Ethnic predilection is controversial; the previously held belief that it is a disease predominantly of Asians and perhaps Africans has not been supported in some studies. 7, 9 The disproportionate occurrence of NMO in Asians, Latinos, and Africans in some regions may represent a dearth of MS, to which its frequency is compared, in these ethnic groups rather than a true excess of NMO.
NMO-IgG is pathogenic in vitro, 10, 11 and can passively transfer NMO-specific brain lesions, 12 but the etiology of NMO remains unknown. We describe the demographic, clinical, neuroimaging, and laboratory profiles of 12 families with NMO, totaling 25 affected individuals, and compare the findings in these NMO cases with those in a series of sporadic NMO cases. The number of multiplex families is unexpectedly large relative to the number expected from the estimated frequency of NMO in the general population, suggesting that heritable factors are involved in susceptibility, although common exposure to an exogenous causative factor within families cannot be excluded. We estimate the frequency of familial aggregation in this disease and evaluated metrics that are potential indicators of the relative importance of genetic susceptibility vs common exposures.
METHODS Standard protocol approvals, registrations, and patient consents. The institutional review board or ethics committee of Mayo Clinic, Rochester, MN; the National Cancer Center, Goyang, South Korea; the University of São Paulo, Brazil; the Legacy Emanuel Hospital, Portland, OR; and the National Hospital for Neurology and Neurosurgery Queen Square, London, UK, approved this study. All patients provided informed consent.
Pedigree ascertainment and assessment. Five families (11 patients) were identified through Mayo Clinic neurology practice. The remaining 7 families (14 patients) were identified by collaborators in South Korea (n ϭ 3), Brazil (n ϭ 3), and the United Kingdom (n ϭ 1). Each index case in this report fulfilled clinical criteria for NMO or an NMO spectrum disorder (e.g., longitudinally extensive transverse myelitis [LETM] or recurrent ON and seropositive for NMO-IgG). 13 The median duration of disease was 4.8 years (range 1-52 years). All patients' sera were tested for NMO-IgG by indirect immunofluorescence on a mouse composite tissue substrate. 1 We abstracted the following data from the medical record: demographic information, disease duration, age at and year of clinical onset, number and severity of NMO episodes, history and serologic evaluation for evidence of other autoimmune diseases, and MRI results.
We compared intrapair differences in age at onset and calendar year of onset. We used linear regression analysis (age and year of onset) and intraclass correlation of age at onset to evaluate putative common exposures to environmental factors and genetic effects. If susceptibility to NMO was primarily determined by heritable factors, differences in onset age might be smaller between members of pairs relative to the differences between the pairs. If a common exposure to a triggering factor was present, and there was a similar incubation period, affected relatives within pairs might be expected to develop NMO in approximately the same calendar year.
We estimated the frequency of familial aggregation of NMO in families where familial aggregation was not the basis for referral and the family history was determined based on systematic inquiry in patients referred for a diagnosis of NMO at each participating center. We compared the familial cases to a series of patients with sporadic NMO. 3 RESULTS Demographic characteristics and pedigree structure. Demographic characteristics and pedigree structure are illustrated in table 1. Twenty-one patients (84%) were women. Five families were Asian, 4 Latino, 1 African American, 1 African Caribbean, and 1 white. In 6 families, the affected individuals lived in the same house when they developed initial symptoms of NMO.
In 6 families, 2 generations were involved. One affected pair consisted of half siblings with a common mother. Of the 7 families in which we inferred transmission, 5 (71.4%) had maternal and 2 (28.6%) had paternal line transmission. This difference is likely due to the overrepresentation of women in NMO rather than a sex bias in transmission.
In 11 families, 2 individuals were affected, and in 1 family, 3 individuals were affected. We observed the following pairings: sibling pairs (n ϭ 6), parentchild pairs (n ϭ 3), aunt-niece pairs (n ϭ 2), and a mother-daughter-maternal aunt trio (n ϭ 1). One pair of monozygotic twins was identified. Consanguineous marriages were not reported in any family.
Clinical features. The mean (SD) age at onset was 34.3 years (15.0). The mean difference in age at onset between familial pairs was 17.9 (15.4) years and the mean difference in calendar year of onset was 11.2 (13.4) years. Pearson linear correlation coefficient between the intrapair difference in ages with differences in age at onset was r ϭ 0.82 ( p ϭ 0.01) and with differences in year of onset was r ϭ 0.16 ( p ϭ 0.60) (figure e-1 on the Neurology ® Web site at www.neurology.org). The intraclass correlation estimate for differences of age at onset was 0, indicating greater variability within relative pairs than across subjects.
The initial syndrome was ON in 14 (51.8%) individuals and LETM in 11 (40.7%) individuals. Intrafamilial concordance for the presenting syndrome (ON or LETM) was seen in 5/12 families (41.6%), which was as expected based on the frequency of these 2 presentations. Two individuals from the same family had both ON and myelitis within a 1-month interval. The median relapse count was 3 (range 1-26) and the median annualized relapse rate was 0.81 (range 0.12-4.8).
NMO-IgG was positive in 19 (76%), including all 12 index cases. We tested 3 nonaffected relatives: the sister of the index case in family 1 and the father and sister of the index case in family 2. All 3 were NMO-IgG seronegative.
Other autoimmune diseases were documented in 7 affected individuals (autoimmune thyroiditis, n ϭ 3; Sjögren syndrome, n ϭ 2; polymyositis, n ϭ 2). In 6 families, unaffected relatives had other autoimmune diseases (autoimmune thyroiditis, n ϭ 2; type 1 diabetes, n ϭ 2; psoriasis, n ϭ 1; Sjögren syndrome, n ϭ 1; chronic inflammatory demyelinating polyradiculoneuropathy, n ϭ 1).
In family 12, besides the mother and son with NMO, a maternal niece had a diagnosis of MS, with 12 relapses since 1994 involving sensory, cerebellar, and pyramidal systems. Brain and spinal cord MRI were compatible with MS, oligoclonal bands were present in the CSF, and NMO-IgG was negative.
Three additional families with NMO index cases were excluded because it could not be determined with confidence that the relative had NMO or NMO spectrum disorder. In the first family, the mother had relapses of ON (n ϭ 3) and LETM (n ϭ 6) over 15 years of disease and was seropositive for NMO-IgG. Her daughter had 2 episodes of ON over 16 years of disease and was seronegative for NMO-IgG on 2 occasions. In the second family, the NMO-IgG seropositive index case had 2 episodes of ON and 1 of myelitis over 15 months of disease. Her sister died at age 39 due to complications of presumed MS (details not available) and her niece (daughter of a different sister) had multiple episodes of ON and one of transverse myelitis but was seronegative for NMO-IgG and LETM was not documented by MRI. In the third family, the index case had 3 episodes of LETM and was seropositive for NMO-IgG. Her maternal cousin presented with severe bilateral ON and had an episode of hearing loss associated with a lesion in the brainstem 2 years after being documented as seronegative for NMO-IgG.
Familial NMO cases were similar, if not indistinguishable, from sporadic cases, both individually and at a group level in comparison to a reference series of sporadic NMO cases with regard to age at onset, sex distribution, frequency of other coexisting autoimmune diseases, presenting symptoms, and relapsing clinical course (table 2) . 2, 3 The frequency of familial aggregation in NMO is 2.8% based on the number of familial index cases in a combined series of 386 consecutive patients with NMO seen at Mayo Clinic, Rochester, MN (n ϭ 5/175; 2.9%), National Cancer Center, Goyang, South Korea (3/88; 3.4%), Medical School of University Hospital of Riberão Preto, São Paulo, Brazil (2/33; 6.0%), National Hospital for Neurology and Neurosurgery Queen Square, London, UK (1/16; 6.3%), and University of São Paulo School of Medicine, São Paulo, Brazil (1/74; 1.4%).
DISCUSSION Analysis of pedigrees of multiplex families with NMO may be helpful in understanding the pattern of transmission and ultimately, combined with molecular genetic analysis, in discovering susceptibility genes. Four multiplex families with NMO (8 affected individuals) have been reported, all but one report from the pre-NMO-IgG 1 era and before formal diagnostic criteria 4 were proposed. Identical twin sisters (24 and 26 years of age at disease onset) with NMO were reported in 1938. Both had severe episodes of transverse myelitis and bilateral blindness and died of NMO-related complications. The autopsy evaluation showed demyelination of the optic nerve and diffuse inflammation and demyelination extending from the cervical to the lower thoracic cord. 14 These reports were followed by those of 2 infant sisters (age 2 and 3 at onset) who had relapses of bilateral ON and thoracic myelitis 15 ; of 2 sisters with late onset of NMO (62 and 59) 16 ; and of a daughter (aged 29 at onset) with myasthenia gravis and NMO and a mother (62 years at onset) with NMO-IgG seropositive NMO. 17 Recently, 2 sisters, 1 with NMO and 1 with prototypic MS, were reported. 18 The frequency of NMO in family members of our NMO index cases is greater than expected based on the best estimate of its prevalence frequency in the general population of 1/100,000. 7, 8 If the average pedigree size consisted of 100 first-and seconddegree relatives, which is likely an overestimate, one would expect 0.38 affected relatives among the 386 sporadic cases from which familial cases were derived at the collaborating institutions; we detected 12 cases ( p Ͻ 0.0001; 2 ). Familial cases accounted for 3% of NMO but considering the cases that were excluded this is a minimum estimate. In both the historical sporadic and the current familial series, NMO was characterized by acute relapses. The distribution of presenting symptoms (ON, myelitis, or both) was very similar. In both series, ON and myelitis were the dominant clinical manifestations. We had not recognized the extended spectrum of NMO, which includes patients who have recurrent myelitis or recurrent ON, in the sporadic series published in 1999, and NMO-IgG serology was unavailable at that time; therefore, some differences in the characteristics of cases reflects improved understanding of the spectrum of NMO in the familial series. Comparison of outcome data and response to therapy is difficult, because early diagnosis, consistent early treatment with immunosuppressive drugs, and systematic follow-up are much more typical of the contemporary series than it was for the sporadic series. 3 Only 1 or 2 generations were affected. There was no evidence of bias of transmission from either paternal or maternal line; the excess of maternal line transmission reflects the increased predisposition of women for NMO.
Analysis of age and calendar year of onset in the NMO relative pairs did not strongly support either common environmental exposure or a purely genetic basis for susceptibility. The linear regression analysis of the age at onset with age indicated that age, rather than a specific common exposure, was the principal determinant of age at onset. Furthermore, intraclass correlation of age at onset revealed no excess similarity between members of a pair compared to the interpair differences contrary to expectation if genetic factors solely determined susceptibility to NMO. The lack of intraclass correlation of age at onset and the age dependence of onset may largely be explained by the predilection for NMO to occur in late middleaged individuals that may obscure pedigree-specific effects on age at onset. 3, 19 There was wide variation between members of pairs in years of onset, suggesting that common exposure was unlikely to be an important etiologic factor.
Genetic association studies for this disease are limited. Human leukocyte antigen (HLA) associations have been observed in studies of sporadic cases of NMO. HLA-DPB1*0501 allele was more frequent in 38 Japanese patients seropositive for NMO-IgG compared to 52 patients with MS. 20 Forty-five French Caucasian NMO cases were compared to healthy controls and patients with MS for HLA class II A and B alleles; no association was found of DRB1*1501 with NMO (odds ratio [OR] 1.74; 95% confidence interval [CI] 0.97-3.11, p ϭ 0.06). HLA-DRB1*03 was associated with NMO-IgGseropositive NMO (OR 3.08; 95% CI 1.52-6.27, p ϭ 0.001). 21 No mutation was found in genes known to harbor the majority of LHON mutations in 32 patients with NMO. 22 No association was found in a study of 7 AQP4 SNPs genotyped in 901 MS trio families, including 69 in which the affected offspring had clinical history of optic-spinal disease. 23 Recently, genome scan was performed with samples of 53 NMO Korean cases and 240 controls. The study was underpowered but the strongest SNP association signals were tested in a cohort of 93 NMO patients and 368 controls. A common promoter SNP in CYP7A1, a gene that encodes a member of the cytochrome P450 superfamily of enzymes, had a dose-dependent protective effect against NMO ( p ϭ 0.0004). 24 Although certain infections 25 and cancer 26 have been reported to co-occur with NMO, no environmental or disease trigger has been rigorously associated with NMO. In the families we report, we did not find clear indicators of common exposure to infections. One patient had breast cancer a year prior to the development of NMO. We are unaware of NMO occurring in unrelated household members. There does not appear to be any geographic or ethnic restriction of familial occurrence of NMO. Several of the NMO families had members with other autoimmune diseases, suggesting that these individuals may share common genetic risk factors for autoimmunity in addition to factors that lead to AQP4-specific autoimmunity.
The small number of cases within affected pedigrees, the lack of multigenerational pedigrees, the high ratio of sporadic to familial cases, and lack of distinctive characteristics of familial cases, taken together, support the hypothesis that NMO is a complex genetic disease.
